Although most BA are located in classic brown adipose tissue depots, BA are also abundant in the inguinal white adipose tissue (iWAT) before weaning. The number of BA is correlated with the density of sympathetic innervation in iWAT; however, the role of continuous sympathetic tone in the establishment and maintenance of BA in WAT has not been investigated. BA marker expression in iWAT was abundant in weaning mice but was greatly reduced by 8 wk of age. Nonetheless, BA phenotype could be rapidly reinstated by acute ␤3-adrenergic stimulation with CL-316,243 (CL). Genetic tagging of adipocytes with adiponectinCreER T2 demonstrated that CL reinstates uncoupling protein 1 (UCP1) expression in adipocytes that were present before weaning. Chronic surgical denervation dramatically reduced the ability of CL to induce the expression of UCP1 and other BA markers in the tissue as a whole, and this loss of responsiveness was prevented by concurrent treatment with CL. These results indicate that ongoing sympathetic activity is critical to preserve the ability of iWAT fat cells to express a BA phenotype upon adrenergic stimulation. inducible brown adipocytes; sympathetic innervation; uncoupling protein 1 ADRENERGIC SIGNALING INDUCED by cold stress or ␤ 3 -adrenergic receptor agonists triggers the expression of brown adipocyte (BA) marker genes, such as uncoupling protein 1 (UCP1), in subpopulations of adipocytes within white adipose tissue (WAT) depots (6, 9, 14, 23) . The expression of BA markers differs according to developmental stage and specific WAT depot (34) . For example, adrenergic stimulation strongly induces BA marker expression in inguinal white adipose tissue (iWAT), whereas relatively little induction is found in mesenteric fat (30) . Mature adipocytes are not detected in iWAT at 2 days of age, but by 3 wk the pad is completely developed and functional (23) . Juvenile (10 -30 days of age) iWAT comprises a mixture of multilocular BA that express UCP1, as well as typical unilocular, UCP1-negative white adipocytes (WA) (13, 39) . The appearance of BA markers in juvenile iWAT adipocytes is strongly influenced by genetic background. For example, the 129S1/SvImJ strain shows a higher expression of UCP1 between 10 and 30 days of age than C57BL6/N mice (22, 40) . However, by 8 wk of age, most adipocytes are unilocular and no longer express UCP1, regardless of strain. Nonetheless, expression of UCP1 can be rapidly restored in iWAT by cold stress or by direct ␤ 3 -receptor activation (1, 13, 18) . Importantly, restoration of UCP1 expression occurs in the absence of significant proliferation (4, 24, 25) , suggesting that the reappearance of BA occurs from mature adipocytes that were present during the postnatal period (33), although de novo adipogenesis was recently suggested (38) . In any event, the factors that maintain this phenotypic flexibility are currently unknown.
The frequency of BA in WAT depots is correlated with the density of sympathetic innervation (12, 30) . In "classic" interscapular BAT, sympathetic activation directly regulates BA metabolism, adipogenesis, and adipocyte phenotype (2, 3) . Surgical denervation of BAT suppresses proliferation of BA progenitors and increases WA subpopulations within the pad (11) . In contrast, denervation of iWAT modestly increases adipogenesis and pad size, although the effects on the expression of thermogenesis and oxidative capacity have not been established (3, 5, 10 ).
In the experiments described below, we evaluated the effects of iWAT sympathetic innervation on BA phenotype maintenance and its expression upon ␤-adrenergic stimulation using surgical denervation. We report that continuous innervation of iWAT is required to fully maintain the ability of adult fat cells to switch between WA (unilocular, UCP1 Ϫ ) and BA (multilocular, UCP1 ϩ ) phenotypes.
METHODS
Animal studies. 129S1/SvImJ mice (129S1; stock no. 002448) were used at 3 and 8 wk of age. This strain was used because it exhibits pronounced induction of UCP1 expression in response to adrenergic stimulation and thus serves as a robust model for assessing factors involved in maintenance of phenotypic flexibility (40) . Eight-weekold mice were treated with subcutaneous (sc) injections of 10 nmol CL-316,243 (CL) or saline for two consecutive days. Twenty four hours after the last CL injection, adipose pads were collected. To examine the effects of denervation on acute activation of ␤ 3-adrenergic signaling, mice that underwent unilateral surgical denervation (detailed below) were treated with a single dose of CL (10 nmol), and tissues were harvested 3 h later for analysis of gene expression and immunoblotting. The chronic effects of CL (25 pmol/g sc) were examined in mice treated on alternating days for 4 wk following inguinal fat pad denervation. Lineage tracing was performed by crossing ROSA26 loxp-stop-loxp TdTomato (TdT) reporter mice (R26-LSL-TdTomato; Jax Labs stock no. 007909) with transgenic mice harboring tamoxifen-sensitive Cre recombinase [CreER T2 (8) ] under the control of the adiponectin promoter. Bacterial recombination was used to insert CreER T2 in the adiponectin translation start site of a bacterial artificial chromosome containing the Adipoq locus (RP24-69M4; CHORI.org). Transgenic founders [B6N.129S-Tg (Adipoq-CreER T2 ) tm1Jgg ] were generated by standard techniques at the University of Michigan (35) . Tamoxifen (10 mg/ml), which was used to induce recombination in double-transgenic mice, was dissolved in 1 ml ethanol, solubilized in 9 ml of sunflower oil (filtered 22 M), and then injected daily intraperitoneally at a dose of 150 mg/kg from postnatal day 15 to 20. All animal studies were approved by the Institutional Animal Care and Use Committee at Wayne State University.
Inguinal fat pad denervation. Surgical denervation of anterior iWAT was performed at 3 wk of age. Briefly, 129S1/SvImJ mice were anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol at a dose of 250 mg/kg. An incision was made starting at the ventral area of the hind limb continuing craniodorsally toward the flank region. Once completely exposed, the anterior half of one iWAT was separated from the abdominal wall by blunt dissection, and the nerves were cut. Exposed pads were kept moist with saline-soaked gauze (0.9% NaCl). The sham surgery was performed on the contralateral iWAT as described above, except that associated nerves and blood vessels were kept intact. After denervation or surgical exposure in the case of the sham procedures, pads were replaced against the abdominal wall and rinsed with saline solution. Incisions were closed with wound clips that were removed 10 days after the surgical procedure. At 8 wk of age, mice were treated subcutaneously with 10 nmol of CL or with saline for two consecutive days. Twenty four hours after the last CL injection, adipose pads were collected. Samples for RNA processing were harvested in RNAlater (Ambion). Proteins were extracted in lysis buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.5% 135 sodium dodecyl sulfate, and 1 mM EDTA) containing protease (Roche) and phosphatase (Thermo Scientific) inhibitors. Immunoblotting was performed using antibodies against UCP1 (1:5,000, UCP11-A; Alpha Diagnostics), tyrosine hydroxylase (1:100, MAB318; Millipore), and ␤-tubulin (1:1,000, 2148; Cell Signaling) as described (29) .
Tissue processing and immunohistochemistry. Tissues samples were processed as previously described (24) . In brief, specimens were fixed with 4% formalin, embedded in paraffin, and cut into 5 m-thick sections. For immunostaining, samples were preincubated with permeabilization buffer (0.5% Triton X-100 in PBS) and blocking buffer (5% normal donkey serum, 5% normal goat serum in PBS) for 30 min at room temperature. Antibodies against UCP1 (1:400, UCP11-A; Alpha Diagnostics) and TdT (1:100, 632496; Clontech) were incubated overnight at 4°C. Secondary horseradish peroxidase-conjugated donkey anti-rabbit antibody (1:10,000; Jackson ImmunoResearch) was diluted in blocking buffer and incubated for 45 min at room temperature. For immunofluorescence, secondary antibodies were conjugated with specific fluorochromes including: Alexa 350, Alexa Fluor 488, and Alexa Fluor 594 (Invitrogen). DAPI was used for counterstaining, and nonspecific controls were performed using species-specific IgG. Imaging was performed using an Olympus IX-81 microscope, as previously described (16) . Expression of UCP1 in TdT ϩ and TdT Ϫ cells was determined in tissue cryosections, as detailed above. A representative fluorescence micrograph of multilocular UCP1
ϩ cells with and without TdT expression is shown in Fig.  1C . Adipocyte cell sizes were determined in hematoxylin-and eosinstained paraffin sections by measuring the diameters of Ͼ100 adjacent cells from five randomly selected fields per section using ImageJ software (National Institutes of Health, Bethesda, MD). Low-magnification panoramic images were assembled using Image Composite Editor (Microsoft Research).
Gene expression analysis. Adipose tissue RNA was extracted as described previously (28) . Briefly, after collection in Trizol (Invitrogen) and RNA purification with the RNAeasy (Qiagen) column, the total RNA was reverse transcribed using Superscript III (Invitrogen) with oligo(dT) primers (Fermentas). qPCR was performed using SYBR (ABsolute Blue QPCR SYBR; Thermo Scientific) with 80 nM of primers. Expression data were normalized to the housekeeping gene peptidylprolyl cis-trans isomerase A. Elongation of very-longchain fatty acids-like 3 (Elovl3), Adrb3, Ucp1, Cidea, Ebf2, Dio2, Nor-1, Pgc1-␣, Plin2, long-chain acyl-CoA dehydrogenase (Lcad), cytochrome c oxidase subunit VIIIb (Cox8b), Ppar-␣, and Ppar-␥ primers have been described previously (28, 32) .
Statistical analysis. Data are reported as means Ϯ SE. Data were analyzed by one-or two-way ANOVA using Proc GLM (SAS). Post hoc comparisons were performed using Tukey's posttest. Statistical significance was set at P Ͻ 0.05.
RESULTS
Preweaning BA phenotype expression in iWAT is lost by 8 wk of age and reinstated by ␤ 3 -adrenergic stimulation. The thermogenic protein UCP1 was highly expressed in iWAT pads of weanling mice. Expression of UCP1 protein and mRNA sharply declined by 8 wk of age but could be rapidly reinstated by ␤ 3 -adrenergic stimulation using two injections of CL over 48 h (Fig. 1A) . A similar expression pattern was observed for BA mitochondrial/oxidative markers Cox8b and Lcad (Fig. 1B) . Expression of Cidea and Pgc1␣ was not significantly reduced in iWAT of adult mice, and CL treatment in adults modestly increased expression of these genes (Fig. 1B) .
Although it is well established that acute adrenergic activation induces the appearance of BA (that is, multilocular adipocytes that express UCP1) in iWAT, the origin of these cells has been controversial (23) . To determine whether the appearance of cells with a BA phenotype involved recruitment from progenitors or reinstatement of the BA phenotype in existing cells, we genetically tagged mature adipocytes using tamoxifen-sensitive adiponectin-CreER T2 at 3 wk of age and challenged them with CL 5 wk later. Immediately after tamoxifen induction at 3 wk of age, 98 Ϯ 2% of UCP1 ϩ cells were labeled with TdT. Five weeks later, 90 Ϯ 5% of the UCP1 ϩ cells induced by CL were also TdT ϩ , demonstrating that the vast majority of UCP1-positive cells induced by CL treatment were present as mature adipocytes in the tissue at the time of weaning. Shown in Fig. 1C is a representative image of a field containing UCP1, TdT double-positive adipocytes, and a UCP1-positive, TdT-negative adipocyte. These data confirm that CL-induced "browning" involves reinstatement of the BA phenotype in existing adipocytes (33) .
Sympathetic innervation modifies BA phenotype expression in iWAT. Sympathetic innervation is a major regulator of brown function in iBAT, and the level of sympathetic innervation correlates with the ability of cold stress to upregulate BA marker expression in various fat depots (30) . To evaluate the role of the sympathetic innervation, we surgically denervated iWAT pad at 3 wk of age and examined BA phenotypic expression 5 wk later under basal conditions and following direct adrenergic activation with CL.
Denervation significantly reduced basal expression levels of UCP1 protein (Fig. 2A) . Importantly, CL was largely ineffective in restoring UCP1 expression in denervated iWAT. Histological examination of CL-treated mice confirmed that denervation impairs reinstatement of BA phenotypic expression (Fig. 2B) . Adipocytes of 8-wk-old control mice were largely unilocular, and denervation increased average fat cell size. In neurally intact pads, CL treatment induced a multilocular morphology, and cells were heavily stained by eosin, which is indicative of numerous mitochondria. In contrast, adipocytes within denervated iWAT of CL-treated mice retained a unilocular morphology following CL treatment. Analysis of serial sections demonstrated widespread UCP1 expression in the multilocular, eosinophilic adipocytes in intact, but not denervated, iWAT. In denervated pads, UCP1 expression was limited to small patches, which may reflect incomplete denervation or redundant innervation.
Gene expression profiling by qRT/PCR confirmed that chronic loss of neural tone reduced the expression of a subset of genes that are involved in BA thermogenesis and fatty acid oxidation (Ucp1, Cidea, Pgc1␣, Cox8b, Lcad) without affecting expression of Pparg, a master gene of adipogenesis (Fig.  2C) . Importantly, denervation strongly impaired the ability of the direct ␤ 3 -adrenergic agonist to reinstate the expression of BA phenotype at the whole tissue level (Fig. 2C) .
The impaired ability of CL to reinstate expression of BA genes did not appear to result from a general defect in ADRB3 signaling. Thus, denervation did not affect basal Adrb3 expres- sion, and acute CL treatment similarly downregulated expression in intact and denervated pads (Fig. 3A) . Furthermore, acute CL similarly induced expression of Nor-1, a gene induced by protein kinase A (PKA) (27) , in intact and denervated iWAT (Fig. 3A) . Hormone-sensitive lipase, a major PKA target in adipocytes, was similarly phosphorylated following CL treatment in intact and denervated iWAT (Fig. 3B) . Plin2, whose expression is highly responsive to fatty acids mobilized by CL (17) , was similarly upregulated in intact and denervated iWAT (Fig. 3B) . As expected, denervation significantly increased fat cell size compared with the contralateral shamoperated control (P ϭ 0.041), and 2 days of CL treatment similarly reduced fat cell size in both intact and denervated pads (main effect of CL P Ͻ 0.0001; interaction P ϭ 0.293, not significant) (Fig. 3C) .
Finally, to determine whether continuous stimulation of the ␤ 3 -adrenergic receptor after partial denervation maintains the expression of BA phenotype markers, a group of 129S1/SvImJ mice was denervated unilaterally at 3 wk of age and then injected subcutaneously with CL (25 pmol/g every other day) for 4 wk. Intermittent exposure to CL maintained the expression of oxidative (Cox8b, Lcad) and thermogenic (Ucp1, Pgc1␣, Prdm16) genes in denervated pads at levels similar to those in intact iWAT (Fig. 4) .
DISCUSSION
Adrenergic activation can induce expression of prototypic markers of BA in various WAT depots. However, it is presently unclear what factors specify and maintain adipocyte phenotypic flexibility in WAT depots of adults. In the present study, we found that uninterrupted sympathetic activity, likely mediated by ␤-adrenergic activation, is required to maintain the ability of these adipocytes to switch between WA and BA phenotypes.
Previous work demonstrated that the inguinal fat pad develops as a mixture of BA and WA before weaning (13, 21, 39) . In adults, iWAT adipocytes appear as typical WA that are unilocular and lack significant Ucp1 expression. Nonetheless, UCP1 expression can be restored within hours by adrenergic activation without cell proliferation/differentiation (15, 24) , strongly indicating conversion of existing cells from a white to brown phenotype. The convertibility of white and brown phenotypes was recently demonstrated by Rosenwald and colleagues (33) using UCP1 promoter-dependent lineage tracing. The present work confirmed that the vast majority (90%) of BA that are induced by CL at 8 wk of age are derived from adipocytes that were differentiated before weaning. Last, we note that, although UCP1 expression is very greatly reduced in adult iWAT, other BA signature genes, including Cidea, Prdm16, and Elovl3, exhibited significant basal expression, indicating abundant presence of established convertible adipocytes. Together, these observations strongly indicate that CL reinstates UCP1 expression in cells that exhibited a BA phenotype before weaning.
The factors that maintain phenotypic flexibility of existing adipocytes in iWAT are largely unexplored. Kozak and colleagues recently reported that nutritional restriction greatly reduced UCP1 expression in preweanling mice, yet expression could be restored by cold stress in adults following nutritional recovery (20) . Our results demonstrate that surgical denerva- tion greatly suppressed the ability of CL to reinstate BA phenotypic expression in iWAT. The diminished response did not seem to involve impaired ␤ 3 -adrenergic signaling per se, since denervation did not reduce Adrb3 mRNA, and CL similarly activated the immediate (hormone-sensitive lipase phosphorylation and Nor1 expression) and downstream (Plin2 expression, fat cell size) targets of PKA activation in intact and denervated tissue. Importantly, CL treatment every other day was sufficient to maintain the expression of BA phenotypic markers in denervated iWAT, indicating that neural activity maintains phenotypic flexibility by activating ␤-adrenergic signaling.
The transcriptional mechanisms by which neural activity maintains phenotypic flexibility will require additional experiments. We note that the browning phenomenon is genetically determined, and several of the proposed genes are downstream of ␤-adrenergic signaling (18, 19) . However, it is not presently known whether any of these loci contribute to variations in sympathetic innervation or activity.
Brown adipose tissue has received renewed interest as a therapeutic target for metabolic disease (23, 37) . Human brown/beige adipose tissue express ␤ 3 -adrenergic receptors (14) and stimulation of ␤ 1 -and ␤ 3 -adrenergic receptors induces the expression of UCP1 in cultured human BA (26). Interestingly, the presence of BAT that can be detected by positron emission tomography is highly variable among human subjects (7, 31) , and chronic cold stress, which would be expected to increase sympathetic activity, greatly increases BAT that can be detected (36) . It is possible that the level of sympathetic innervation or history of sympathetic activation is an important determinant of adipocyte phenotypic flexibility in humans. If so, then elucidating the gene networks that link neural signaling and the browning process may identify novel therapeutic approaches for maintaining thermogenic adipocyte phenotypes.
In summary, our experiments indicate that continuous sympathetic innervation is necessary for the adrenergic reinstatement of the BA phenotype in existing iWAT adipocytes. Given the relatively slow appearance of new adipocyte cells in iWAT, ongoing sympathetic nerve activity is a major determinant of the overall phenotypic plasticity of this depot. More generally, the level of sympathetic innervation and/or activity may be an important mechanism by which genetic and environmental factors influence adipocyte phenotypes in WAT depots.
